Materials and Methods
No unexpected or unusually high safety hazards were encountered during the course of this study.
General Considerations
Unless otherwise stated, reagents and solvents were purchased from Fisher Scientific and used without further purification. DNA oligos were ordered from Integrated DNA Technologies or Eurofins Genomics with a 5' six carbon amino linker and used without further purification.
Site-directed mutagenesis, protein expression, and purification All protein constructs were housed in a pET20b vector (Novagen). RIDC3 mutants were introduced into the pET20b expression vector containing the genes encoding C21 RIDC3 using QuikChange (Stratagene) site-directed mutagenesis using primers synthesized by Integrated DNA technologies. Protein expression and purification was performed as described in published procedures 1, 2 .
Preparation of RIDC3-DNA conjugates All DNA sequences for protein conjugation were obtained from Integrated DNA Technologies or Eurofins Genomics with a 6-carbon 5'-amine linker and used without further purification. Modification of the 5' amine was performed as follows: Each ssDNA strand was dissolved in water to a final concentration of 1 mM. 7.5 mg sulfosuccinimidyl-4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC) was dissolved in 100 µl dimethylformamide (DMF) to yield a 172 mM stock solution. 400 µl of the DNA stock solution and 500 µl of the conjugation buffer (CB; 16.7 mM potassium phosphate monobasic, 83.3 mM potassium phosphate dibasic, 150 mM sodium chloride, pH 7.3) was combined with 100 µl of the sulfo-SMCC stock solution and mixed for 10 s via vortexing 3 . The solution was incubated at 35 °C in the absence of light for 1.5 -2 h. The SMCC-functionalized DNA was purified by reverse-phase HPLC on a Zorbax SB-C18 PrepHT column (Agilent) and eluted in 30% buffer B (Buffer A: 5 mM sodium acetate, pH 5.0; Buffer B: acetonitrile) using a linear gradient. The desired fraction was collected, frozen, and lyophilized to dryness overnight.
Approximately 20 equivalents of dithiothreitol (DTT) were added to 1.5 ml of 0.7 mM C21 RIDC3 (or C21 RIDC3 mutant) and incubated at room temperature for 30 min to fully reduce the reactive thiol group on the protein. An Econo-Pac 10DG desalting column (BioRad) was used to remove excess DTT and the protein was eluted in 2 ml CB. Once dry, lyophilized DNA was dissolved in 1 ml CB and added to the protein, which was present in large excess. The conjugation reaction proceeded for 12 h at 4 °C in the absence of light.
The reaction mixture was loaded onto an Econo-Pac 10 DG desalting column (BioRad) and eluted in 4 ml of a buffered solution of 10 mM sodium phosphate (pH 8.0). The RIDC3-DNA conjugate was purified using a DuoFlow fast protein liquid chromatography (FPLC) workstation (BioRad) equipped with a Bio-Scale Mini Macro-Prep High Q Cartridge (BioRad) anion exchange column equilibrated in a 10 mM sodium phosphate buffer solution (pH 8.0). Unreacted protein and the S3 protein-DNA conjugate were eluted using a gradient of 0 -1 M NaCl. Unlabeled protein eluted at approximately 200 mM NaCl, RIDC3-DNA conjugate eluted at approximately 500 mM NaCl, and free DNA eluted at approximately 650 mM NaCl. Fractions containing pure (described below) RIDC3-DNA conjugate were combined, concentrated, and stored in deionized water at -80 °C.
Characterization of RIDC3-DNA conjugates Ultraviolet-visible (UV-Vis) absorbance measurements were used to assess the purity of FPLCpurified RIDC3-DNA conjugates. The ratio of the Soret band of the protein at 415 nm (ε415 = 148,000 M -1 cm -1) to the DNA absorbance at 260 nm was determined to be approximately 1.15 for pure DNA-protein conjugate. Purities of the conjugates and incorporation of a single ssDNA strand per protein monomer were confirmed by non-reducing SDS-PAGE.
Electrospray ionization mass spectrometry (ESI-MS) was performed to verify the mass of the RIDC3-DNA conjugate. Mass spectrometry was performed at the Molecular Mass Spectrometry Facility at UC San Diego on a Micromass Quattro Ultima Triple Quadrupole MS. RIDC3-DNA conjugate samples were exchanged into water and diluted to a concentration of 0.1-1.0 mg/ml using a solution of 50% methanol in water.
Self-assembly of 2D RIDC3-10a/b lattices RIDC3-10a and RIDC3-10b, each at a concentration of 25 µM, were combined in buffered solutions of 20 mM 2-(N-morpholine)ethanesulfonic acid (MES) (pH 4.75) to a total protein concentration of 50 µM. A 5 mM Zn 2+ stock solution was prepared in water, and the required amount of Zn 2+ (4-10 equivalents) was added to the protein solution. All samples were prepared at room temperature and moved into a cold room at 4 °C with the exception of RIDC3-12a/b, which formed ordered arrays at room temperature. All samples that formed crystalline arrays were opaque within 10 min and formed insoluble precipitates that settled to the bottom of the tube, which could be easily re-suspended by shaking or pipetting. All other RIDC3-DNA conjugate variants were prepared under identical conditions to assess array formation.
Negative-stain transmission electron microscopy (ns-TEM) analysis A 3-µl solution of an RIDC3-DNA conjugate sample was pipetted onto carbon-coated Cu grids (Electron Microscopy Sciences, 400 square mesh) or formvar/carbon-coated Cu grids (Ted Pella, Inc.) glow discharged within 30 min of sample addition. After sample incubation on the grid for 5 min, grids were blotted with filter paper to remove excess liquid. Samples were washed by submerging in a 250 µl drop of MilliQ water, blotted with filter paper to remove excess liquid, and stained by the addition of 5 µl of 1% uranyl acetate (UA) solution in water to the grid. After a 5-min incubation, the grid was blotted to remove excess UA solution, and a second aliquot of UA was added. After the second 5-min incubation, the grid was blotted dry using filter paper. Grids were imaged using a FEI Sphera transmission electron microscope operating at 200 keV, equipped with a LaB6 filament and a Gatan 4K charged-coupled device (CCD). Micrographs were collected using objective-lens underfocus settings ranging from 250 nm to 2 µm and analyzed using Fiji (http://fiji.sc/Fiji).
Job's analysis of RIDC3-10a/b self-assembly The stoichiometry of RIDC3-DNA complexes in fully formed crystals was assessed by Job's method. While maintaining the total protein concentration at 50 µM for all samples, self-assembly was carried out using the following ratios of RIDC3-10a:RIDC3-10b: 1:0; 9:1; 4:1; 1:1; 1:2; 1:4; 1:9; 0:1. All samples were prepared as previously described to facilitate the formation of 2D crystals. After a 12 h incubation period at 4 °C, grids were prepared for each sample and imaged by TEM as previously described. Images were collected at a nominal magnification of 1700x with a pixel size of 60.8 Å. RIDC3-10a/b suspensions were centrifuged to separate the pelleted arrays from free protein in the supernatant. The absorbance of the supernatant at 415 nm was measured for each sample to determine the amount of protein remaining in solution and therefore not incorporated into RIDC3-10a/b arrays.
Confocal microscopy 0.5 µl of a 20x SYBR Safe solution diluted in a buffered solution of 20 mM MES (pH 4.75) was added to a 5-µl sample of RIDC3-10a/b crystals, nominally at 50 µM total protein concentration. After 10 min, the solution was pipetted onto a glass slide and was immediately covered with a cover slip, and the edges were sealed with clear nail polish. Samples were imaged with a 100x oil objective on a spinning-disk confocal Zeiss Axio Observer inverted microscope equipped with a pair of Roper Quantum 5125C cameras using a filter to collect light at 500-550 nm (green channel). Differential interference contrast and fluorescence (488 nm excitation) images were captured at 1-s and 100-ms exposures, respectively. Images were collected in Slidebook 6 (Intelligent Imaging Innovations) and analyzed using Fiji (http://fiji.sc/Fiji).
Scanning electron microscopy (SEM) RIDC3-10a/b crystals were deposited onto glow discharged, formvar/carbon-coated Cu grids (Ted Pella, Inc.) as described previously. Grids were mounted onto a STEM 12x v2 sample holder and imaged using a Zeiss Sigma 500 scanning electron microscope (Zeiss) at an accelerating voltage of 1 kV using a 30 µm aperture. Images were analyzed using Fiji (http://fiji.sc/Fiji).
Atomic force microscopy (AFM) 10 µl of a solution containing RIDC3-10a/b crystals was centrifuged at 3500 RPM for 1 min. The supernatant was removed, and the crystals were resuspended in 10 µl MilliQ water. The sample was then deposited onto freshly cleaved mica (Ted Pella, Inc.), and incubated for 10 min. At that time, the mica was dried using a stream of nitrogen without washing.
AFM measurements were performed on two microscopes. For images shown in Figure 3c , mica discs were imaged on a Veeco Scanning Probe Microscope using Silicon AFM probes with aluminum reflex coating at a resonance frequency of 300 kHz (Ted Pella, Tap300Al-G). Images were obtained at a field size consisting of 512 x 512 pixels. Image analysis was done using WSxM 5.0 4 . For images shown in Figure S7 , mica discs were imaged on a Bruker Dimension Icon ScanAsyst atomic force microscope using a ScanAsyst-Air tip (Bruker) operating in tapping mode. Images were processed and analyzed using NanoScope Analysis (v.1.5, Bruker).
Monitoring RIDC3-10a/b self-assembly with Small Angle X-ray Scattering (SAXS) A 60-µL buffered solution of 20 mM MES (pH 4.75) containing 25 µM RIDC3-10a, 25 µM RIDC3-10b and 100 µM ZnCl2 was prepared and transferred to a 1.5 mM quartz capillary tube (Hampton). This capillary tube was placed in a custom-built thermal stage and rapidly cooled to 4 °C. Data were collected at beamline 4-2 of the Stanford Synchrotron Radiation Lightsource (SSRL) using collimated X-ray radiation (1.1271 Å, 11 keV) calibrated with a silver behenate standard. A 1-s X-ray exposure was taken every 5 min (62 total exposures) and the scattered radiation was captured on a Pilatus 1M detector (Detectris). One-dimensional scattering data were obtained through the azimuthal averaging of the two-dimensional data to produce plots of scattering intensity as a function of the scattering vector length, q = 4πsin(θ/λ), where θ is one-half of the scattering angle and λ is the wavelength of the X-rays used. Analysis of the one-dimensional data was performed using the powder diffraction processing software JADE (MDI).
Monitoring thermal disassembly of RIDC3-10a/b lattices with SAXS The capillary tube containing the RIDC3-10a/b crystals from the previous SAXS experiment was removed and stored at ca. 22 °C for 3 h. This tube was loaded into a custom-built thermal stage and heated at ca. 1 °C/min. A 1 s X-ray exposure was taken every minute for 25 minutes and the X-ray radiation data was collected and processed as described above.
Cryo-EM data acquisition and processing A 3-µl solution of an RIDC3-DNA sample was deposited onto either a freshly glow-discharged, lacey carbon grid or a Quantifoil grid (Electron Microscopy Sciences, Quantifoil R1.2/1.3 holey carbon on 200 mesh copper). Plunge freezing was performed with a Leica EM GP instrument (Leica Microsystems), the grid was blotted from behind for 4 s with a blot force of 2 using filter paper, and rapidly plunged into a liquid ethane bath cooled with liquid nitrogen. Frozen specimens were stored under liquid nitrogen. The grids were imaged in a Titan Krios (FEI) operated at 300 kV equipped with a Gatan Quantum-LS energy filter, applying 20 eV zero loss filtration. Image data were recorded with a K2 Summit Direct Electron Detector (DED, Gatan) in counting mode, at a magnification resulting in a pixel size at the sample level of 1.098 Å. Dose-fractionated images were recorded to yield 40 frame movies recorded over 16 s at 0.4 s per frame with a total electron dose of ~40 e/Å 2 per movie. Objective-lens underfocus settings varied between 0.5 µm and 3µm. Data collection was performed using SerialEM 5 , corrected for drift with MotionCorr2.1 6 and processed in real time in the Focus 7 software suite using the 2dx 8,9 software package.
Structural modeling
In order to assess the molecular arrangement of proteins and DNA within the RIDC3-10a/b lattices, a workflow was devised to compare plausible molecular arrangements to experimental data. Analysis of the asymmetric unit of the experimentally-derived cryo-EM projection map (C2 symmetric "L"-shaped densities) resulted in a model building block consisting of two protomers and one dsDNA. Protein coordinates were derived from the crystal structure of RIDC3 (PDB ID: S6 3TOM) and duplex DNA was generated using Nucleic Acid Builder 10 via the make-na server. With these constraints placed on each dimeric building block (which contains protein A, protein B and an associated dsDNA), an input model containing protein and DNA was manipulated within Pymol 11 , in which the protein A, protein B, and the dsDNA units were systematically rotated and translated with respect to one another in x, y and z directions to vary the orientation of the proteins ( Figure S9 ). Each unique arrangement was saved as a separate coordinate file. Proteins were rotated/translated such that C2 symmetry was preserved in each model. The DNA was untethered to the proteins at this stage to facilitate manipulation of the components. This process was repeated iteratively using an ad hoc Python script to procedurally generate >50,000 unique coordinate files.
Once each set of models had been generated, dimeric building blocks were arranged in accordance with pgg symmetry and experimental cryo-EM lattice parameters (63.2 Å x 57.3 Å) to generate extended 2D lattices using a Python script within Pymol. The EMAN2 processing suite was used to create a projection map of the pgg model by first converting the coordinate files to MRC files using e2pdb2mrc and creating a computed 2D projection with e2proc2d ( Figure S9 ) 12 . Maps and models were visualized and analyzed using Chimera 13 and Pymol respectively. The generated model maps were visually inspected for features characteristic of the experimentally measured maps.
Promising models were inspected manually to more precisely position protein and DNA monomers to ensure the absence of clashes between components. Models were further analyzed to determine whether the 5' amine of the DNA strands was sufficiently close (< 17 Å) to C21 of each protein to permit the crosslinking with SMCC. Additionally, we parsed the structural models for protein orientations that placed potential Zn-binding residues in close proximity (side chain distances <5 Å). Previous crystallographic characterization of Zn-bound cb562 variants allowed us to prioritize specific residues that were likely to bind Zn; however, we examined all possible metalbinding residues (Asp, Glu, His) displayed on the protein surface that could coordinate both between and within C2-symmetric dimers. A pseudoatom, representing Zn 2+ , was placed at the center of mass any potential metal-binding sites to provide a rough estimate of Zn-protein distances. In order to generate final models, the SMCC linker and Zn atoms were added to model PDBs. A SMILES string of SMCC was used to generate a coordinate file, which was conjugated to both protein and DNA within Pymol. Pseudoatoms were created at metal-binding sites to populate Zn into the models.
Molecular modeling and simulations
The final 3D model of an RIDC3-10a/b dimeric unit (as described above) was used for the construction of all protein-DNA systems, which comprised two C21 RIDC3 proteins, the idealized 10a/10b DNA duplex, and the SMCC linkers. PSFGEN (within VMD 14 ) was used to add missing hydrogens, assign atom types, and patch RIDC3/sSMCC and RIDC3/c-type heme covalent linkages. The protonation state of all RIDC3 sidechains was calculated using PROPKA 3.0 15, 16 . At pH 4.75, the sidechains E4, E18, E49, H73, and H77 were non-metal-binding sidechains consistently evaluated as protonated and were patched as such using PSFGEN for all pH 4.75 simulations. CHARMM27 parameters 17, 18 were used for all simulations to ensure compatibility S7 with published c-type heme parameters 19 , and parameters for the SMCC linker were assigned by analogy with molecular fragments present in the CHARMM27 forcefield. Due to the localization of negative charge induced by the DNA backbone, the cionize plugin in VMD (which takes into account the local electric field of the structure) was used for neutralization of the system. Together, these steps comprise the construction of a single RIDC3-10a/b dimeric building block. This constructed dimer could then be translated and rotated via the crystallographic parameters to obtain crystals of arbitrary size. Systems containing 1, 5, and 10 dimeric units were all investigated computationally. TIP3P water was used for all simulations, added using the SOLVATE plugin of VMD, and ensuring at least 12 Å of water on all sides of the solute in all cases. Periodic boundary conditions were employed for all simulations.
Energy minimization and MD simulations were carried out using NAMD 2.12 with multi-core and CUDA support 20 on a home-built workstation possessing two NVIDIA GTX 970 GPUs. All simulations were performed in the isothermal-isobaric (NPT) ensemble, employing a Langevin thermostat with 1 ps -1 damping coefficient and Nosé-Hoover barostat (period of 200 fs and decay of 100 fs) to maintain the temperature at 277 K and 1 atm, respectively. Long-range electrostatics were evaluated with the Particle mesh Ewald method, using a 12.0 Å cutoff for non-bonded interactions with a switching function activated at 10.0 Å. Hydrogen bond lengths were kept constant using the SHAKE algorithm, and the trajectory was propagated using the velocity Verlet integration method with a timestep of 2 fs.
In all simulations, metal coordination geometry was enforced by restricting the distances between E27 and E31 carboxylate sidechains and the intra-dimer zinc atom via the use of harmonic potentials centered at 2.0 Å, maintained using a 100 kcal/mol/Å 2 force constant. Likewise, systems with lateral interactions with neighboring dimers had analogous restraints to maintain coordination between E8, E12, and H63 sidechains and inter-dimer zinc atoms. In all cases, metal-coordination restraints were initiated with a 10 kcal/mol/Å 2 force constant which was increased linearly to 100 kcal/mol/Å 2 over the first 1 ns of equilibration. To incorporate the effects of stacking of individual layers, two layers of 5 RIDC3-10a/b dimers were initially separated by a distance of 48.0 Å in the z-direction, and were slowly pulled together to a distance of 45.0 Å over 1 ns via 5 pairwise 100 kcal/mol/Å 2 harmonic distance restraints (between each dimeric building block and its corresponding partner directly above it). At the end of the pulling, these restraints were removed, leaving only metal-coordination restraints for the remainder of each run. We note that this step led to major distortions in the layer geometries when sidechains were deprotonated (for pH 7.0 simulations), so the 10-dimer simulations at pH 7.0 were created from the last frame of this equilibration step at pH 4.75 by restoring the protonation state and sidechain charges of residues 4, 18, 49, 73, and 77 and balancing the system charge with additional sodium counterions using the Autoionize plugin of VMD. While this was done in an attempt to mitigate the possibility of artifactually low protein-DNA interactions for the pH 7.0 state, we interpret this as indicative of the role that low pH plays in stabilizing the full RIDC3-10a/b lattice. All simulations were equilibrated after this step for 10 ns prior to an additional 10 ns of production sampling for structural analysis.
S8
DNA structure analysis Analysis of the double helical structure of dsDNA was performed using the nastruct analysis method implemented within the cpptraj 21 program of AmberTools 16 22 . The CHARMM PSF file for a single DNA duplex was converted to prmtop format using the ParmEd utility for use with cpptraj, and analysis was performed on individual helices extracted from all systems. The idealized 10a/b duplex was used as a reference structure to define all expected base pairs, and nastruct was run with the calcnohb flag to ensure calculation of the parameters even for non-base-paired nucleotides.
Quantification of Zn 2+ in assembled arrays A standard curve to quantify Zn 2+ concentration was generated using 4-(2-pyridylazo)resorcinol (PAR) absorbance on an Agilent 8453 UV-Vis spectrometer and fit to the equation y = mx + b. Solutions containing RIDC3-10a/b crystals were centrifuged for 1 min at 13,300 rpm, washed with a buffered solution of 20 mM MES (pH 4.75), and subsequently dissolved in 300 µl of a buffered solution of 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) with 150 mM NaCl (pH 7.0). 100-µl aliquots of protein solution were removed and the protein concentration was calculated using the measured absorbance at the Soret maximum (415 nm). 100 µl of a buffered solution of 20 mM MOPS (pH 7) with 150 mM NaCl and 5 M guanidium HCl was then added to the protein solution. After a 5-min incubation at room temperature, PAR was added at an identical set of concentrations to that of the standard curve to quantify the amount of Zn 2+ in solution. Finally, EDTA was added to chelate any free Zn 2+ ions and obtain the PAR background absorbance.
Sedimentation velocity analytical ultracentrifucation (SV-AUC) Solutions of 2.5 µM RIDC3-10a and 2.5 µM RIDC3-10b in a buffered solution of 20 mM MES (pH 4.75) was treated with 1 equivalent Zn 2+ or 1 mM EDTA. Sedimentation velocity measurements were made on a XL-1 Analytical Ultracentrifuge (Beckman-Coulter) as described previously 2 . Scans were processed in Sedfit 23 using buffer viscosity (0.01002 poise), density (1.007 g/mL) and partial specific volume (0.6765 ml/g) parameters. The final c(S) and c(M) distributions are reported at a confidence level of 0.95. As these example dimers demonstrate, a wide variety of orientations were evaluated as candidate models with minimal input bias. (c) Each dimer candidate was symmetrized using the experimental pgg symmetry and unit cell to create a hypothetical 2D crystal, from which a calculated map could be computed and compared with the experimental density. This step was performed for all generated models. Figure S12. TEM analysis of the effects of alanine point mutations on RIDC3-10a/b selfassembly. Each modeled coordination motif (left column) was experimentally probed by alanine scanning mutagenesis of possible metal-binding residues (central column). Intra-dimer and interdimer Zn 2+ atoms are displayed as dark-blue and light-blue spheres, respectively. In Round 1, singular residues were removed from symmetric sites, thus removing 2 of 4 residues in each motif. In Round 2, all metal-binding residues in the 3-coordinate E8-D12-H63 site were individually removed. Self-assembly of all mutants into 2D crystals was evaluated by ns-TEM (right column). Computed FFTs are shown where diffraction was observed; only E18A and H73A remained competent for self-assembly. Scale bars are 5 µm. . pH dependence of the calculated surface charges of RIDC3 dimers. Electrostatic maps of RIDC3 dimers at (a) pH 4.75 and (b) pH 7.0, as calculated using APBS 1.5 24, 25 . As anticipated, the overall surface charge of the proteins is indeed more positive at pH 4.75, most notably on the underside of the dimers into which the DNA of another dimer would dock, supporting the role of low pH on RIDC3-10a/b self-assembly. Figure S16 . Structural integrity of DNA duplexes in various contexts as determined by MD simulations. (a) Tabulated averages of DNA base-pairing interactions (for an isolated 10a/10b duplex, isolated RIDC3-10a/10b conjugate, and monolayer/bilayer crystals) averaged over 10 ns (10,000 frames) of simulation. The 10a/10b duplex tethered to a free RIDC3 dimer exhibits a severe reduction in base-pairing relative to a free 10a/10b duplex. Base-pairing recovers upon the integration of the RIDC3-DNA dimer into a crystal monolayer and maximizes with the addition of stacking interactions. In particular, "buried" DNA (with protein interactions on all sides) exhibit the highest degree of base-pair interactions relative to solvent-exposed ("exposed") DNA, indicative of the stabilization afforded by stacking of crystal layers. (b) Side view cartoon of the RIDC3-10a/b stacked layers visually depicting the "exposed" and "buried" DNA terminology used in (a). 
